In this work we report on the use of high mobility materials in the channel of selfswitching diodes as potential candidates for terahertz operation. By means of Monte Carlo simulations we envisage the feasibility of tuneable-by-geometry detection in the terahertz range. The low effective mass of InAs and InSb in relation to InGaAs enhances ballistic transport inside the diode, thus improving the amplitude and quality factor of the resonance found in the detection spectra of self-switching diodes. The frequency of the resonant peak is also increased with the use of these narrow band gap semiconductors. The analysis of the noise spectra provides useful information about the origin of the resonance. By decreasing temperature below 300 K, a clear improvement in detection sensitivity is also achieved.
Introduction and purpose
The terahertz domain is reaching more and more relevance in security, medical and life science applications. Detection systems with high level of compactness, low noise, low cost and without the requisite of cryogenic cooling are essential parts for the development of new tools in this wide field of the technology roadmap. In this contribution we explore a novel device, so-called self-switching diode (SSD) [1] [geometry illustrated in figure 1(a)], which is able to work at frequencies reaching the terahertz domain. The SSD is fabricated with a very simple technological process. It only involves a single step of high resolution lithography, the etching of insulating trenches or recess lines with an asymmetric layout onto a semiconductor epilayer. The working principle is absolutely different from that of a normal diode. It is not based on any doping junction or barrier structure. Electron conduction through the channel between the two grooves is allowed only when the bias between the right and left terminal is positive; the induced positive voltages at the dielectric trenches attract electrons to the channel and the current can flow. Otherwise, when a negative voltage is applied to the right terminal, the induced electric field depletes the channel and the current flow is not possible [1] . With this diodelike I-V characteristic, RF rectification and detection can be achieved. SSDs based on silicon are also perfectly viable; nevertheless the use of high mobility semiconductors like InGaAs implies larger electron velocities and therefore higher operation frequencies. In fact, experiments have demonstrated microwave detection up to 110 GHz at room temperature [2] and up to 2.5 THz at 10 K (dropping in the response above 70 K) [3] for InGaAs SSDs. Monte Carlo (MC) simulations [4] the behavior of the device and foresee working frequencies of above 1 THz. One of the most significant advantages of this device is its planar geometry. The integration with antennas to improve detection sensitivity is very simple, the parasitic capacitances between contacts with respect to conventional vertical devices of the same size is reduced and, finally, the feasibility to integrate many SSDs in parallel without the need of interconnects overcomes the high-impedance problems typical of nanodevices.
The aim of this contribution is to show, by means of MC simulations, that by using narrow band gap materials with lower effective mass than InGaAs (like InAs and InSb) ballistic transport is enhanced, so that it is possible to increase the cutoff frequency of SSDs and also the amplitude and quality factor of the resonant peak found in their detection spectra. The analysis of the current noise spectra calculated in SSDs made of InGaAs, InAs and InSb allows confirming the physical origin of such a peak, already explained in previous works [5] [6] . The influence of decreasing temperature on the resonance features is also investigated as another possible improvement in device performance.
Tunable-by-geometry resonant RF detection. InGaAs-based SSDs.
By virtue of the non-linear behavior of the SSD [see I-V curve in the inset of figure 1(b)], several applications like rectification, detection, mixing, etc. are possible. In this case we study the DC response to AC excitations to examine the cutoff frequency of the diode. For this purpose we perform a simulation [4] in which the current is recorded while a sinusoidal input voltage signal, V(t)=V0 sen(2!ft), of increasing frequency f is applied between the contacts, as sketched in figure 1(a). 
InGaAs channel The average current as a function of f, sweeping the range 0.1-5 THz is shown in figure 1 (b) for InGaAs SSDs in which different widths of the vertical trench WV have been considered. A pronounced peak not expected from the static I-V curve is observed after a flat region, just before the decay in the response. The frequency of the peak fp is shifted to higher values for wider vertical trenches WV. The presence of such a resonance could be useful to design and fabricate passive detectors of THz signals with a certain degree of frequency selectivity tuned by the geometry of the diodes.
Enhanced resonance. InAs-and InSb-based SSDs.
In the last years, two very promising narrow band gap semiconductors, InAs and InSb, are being used in the fabrication of different devices. Using the same heterolayer of Sb-based HEMTs [7] (AlSb/InAs and AlInSb/InSb) an improvement in the operation frequencies of SSDs is expected as a consequence of an enhanced channel mobility. Performing the same type of simulations with our MC tool recently adapted for these new materials [7] we analyze diodes with identical geometry to those of Sec. 2. more ballistic character of transport in these low-effective-mass materials enhances the resonance and shifts fp to higher frequencies. As observed, the resonance in the rectified DC current exhibits a remarkable quality factor, much higher than in InGaAs, with an amplitude more than a hundred times the low frequency value in the case of InSb SSDs. W 3.1. Origin of the resonance and noise spectra. The physical origin of the resonance was studied in previous works [5] [6] . It is attributed to a collective charge fluctuation phenomenon (associated to returning carries [5] or localized surface plasma (LSP) effects [6] ) in the space-charge region around the active channel of the device. In addition, as explained in Ref. 5 there is a clear link between the peak in the rectified DC current and a similar one present in the noise spectral density. To corroborate this, in figure 3 (a) we plot the noise spectra at equilibrium for SSDs based on the three III-V high mobility semiconductors for the case WV=20 nm. Two peaks are observed. 3D plasma oscillations are at the origin of that appearing at the highest frequencies (above 3 THz and only determined by the electronic properties of the material). The other peak, at lower frequency (in the range 1.5-2.5 THz), is originated by the same phenomenon as in the rectified DC current [5] . In figure 3(b) , the frequency of both noise peaks together with fp of In0.47Ga0.53As) thus revealing a common origin linked with plasma effects. Remarkably, the peak in the rectified DC current has the same tendency, certifying our previous conjecture that a noise mechanism is coupled via the particular geometry of the SSD to the DC to AC response and enhances the performance of the device.
Temperature effect
All the previous simulations were performed at 300 K (RT), temperature specially appropriate for potential commercial applications of SSDs ranging from telecommunications to health. Nevertheless, exploring the possible advantages of cooling the samples (space applications can be also foreseen as THz radiation plays a key role in radio astronomy) and problems related to heating is also interesting.
A new set of simulations of InGaAs diodes at lower and higher temperatures have been carried out, with the results plotted in figure 4 . A remarkable increase in the peak amplitude takes place when decreasing the temperature as a result of the enhancement in the ballistic nature of electron transport (the channel length of the simulated SSD is 250 nm while the mean free path in InGaAs at RT is about 200 nm and 1-2 µm for 77 K). For T=400 K and 500 K the resonant peak disappears. 
Conclusions
In virtue of the particular topology and the rectifying behavior of SSDs (based on surface and electrostatic effects) a tunable-by-geometry resonance in the THz domain can be exploited for detection applications. The use of InAs channels (with much higher electron mobility than InGaAs) or even faster InSb channels provides a clear improvement of performance in terms of amplitude, quality factor and cutoff frequency. When the operation temperature is decreased to 77 K an outstanding increase of the resonant peak is achieved.
